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Wheat dwarf virus (WDV) is a representative member of subgroup I of the Geminiviridae, a unique plant DNA virus family.
Since geminivirus DNA replication occurs in the host cell nucleus exclusively via double-stranded DNA intermediates, a
considerable interest has arisen to use them as expression vectors. We have used particle bombardment to introduce WDV
vectors into cultured wheat cells and to analyze the fate of input DNA and the accumulation of newly replicated DNA. Under
our conditions, we have found that input DNA, which can be detected immediately after DNA delivery, is rapidly degraded.
Newly replicated viral DNA appears 1 day after DNA delivery and reaches a maximum at Days 2–4. Afterward, the total
amount of viral DNA is maintained for several days. We have observed a progressive decrease in the relative amount of
supercoiled DNA and, concomitantly, an increase in plasmid forms migrating as open circular and nicked DNA. GUS
expression from the virion-sense WDV promoter is also maximal 2–3 days after DNA delivery and then it declines to negligible
levels 8 days afterward. These results support the conclusion that, under these conditions, reporter gene expression depends
on the accumulation of newly replicated, supercoiled plasmid DNA and not on input plasmid DNA. We have also analyzed
the effects of WDV origin structure and plasmid size on the accumulation of newly replicated plasmid DNA. Our results
lead us to conclude that the replication efficiency of WDV-derived plasmids depends largely on plasmid size. Interestingly,
sequences downstream of the initiation site, which in WDV confer an intrinsic curvature to the large intergenic region, seem
to have a small effect on the efficiency of plasmid accumulation. q 1997 Academic Press
INTRODUCTION number of viral proteins participate in viral replication
and transcription. In geminiviruses from subgroup III,
The geminiviruses are plant DNA viruses with twinned
e.g., tomato golden mosaic virus (TGMV), several com-
quasi-icosahedral particles whose genome consists of
plementary-sense proteins are encoded by the DNA A
small, circular single-stranded DNA (ssDNA) molecules
component. Among them, only the Rep (AC1, also named
of about 2700 nt (reviewed in Davies and Stanley, 1989;
AL1 ORF) protein is absolutely required for viral DNA
Lazarowitz, 1992). The genetic organization of geminiviral
replication participating as the initiator protein (reviewed
DNA is remarkable in several respects. Some members
in Lazarowitz, 1992). In geminiviruses from subgroup I,
have two ssDNA components while others have only
e.g., wheat dwarf virus (WDV), two proteins can be pro-
one. In all cases studied, transcription of viral genes
duced from the single complementary-sense transcribed
is bidirectional and initiates at two divergent promoters
mRNA. The initiator protein Rep, homologous to TGMV
separated by a region of about 200–300 bp which con-
Rep, is produced after a splicing event of this mRNA
tains signals for transcriptional control (reviewed in La-
(Schalk et al., 1989). The name RepA has been proposedzarowitz, 1992). This organization defines a noncoding
for the protein produced by the C1 ORF after translationregion which, in addition to transcriptional control sig-
of the unspliced mRNA (Rybicki, 1994; Xie et al., 1995),nals, contains DNA sequence and structural elements
to stress its relationship with part of the Rep protein atrequired for viral DNA replication (Revington et al., 1989;
the level of primary sequence. This RepA protein hasLazarowitz et al., 1992; Schneider et al., 1992; Hofer et
been implicated in the sequestration of the retinoblas-al., 1992; Orozco and Hanley-Bowdoin, 1996). In the case
toma protein (Xie et al., 1995) and in maximal expressionof subgroup I members, there are two noncoding regions
of virion-sense genes (Collin et al., 1996).required for DNA replication, the large (LIR) and the small
A binding site for the TGMV Rep protein has been(SIR) intergenic regions, 1807 apart from each other in
identified within the intergenic region (Fontes et al., 1992,the viral genome (Kammann et al., 1991).
1994; Lazarowitz et al., 1992). Direct evidence for theSeveral proteins are encoded by the geminivirus ge-
presence of a similar cis-acting signal in subgroup I gem-nome. Mutational analyses have shown that only a small
inivirus DNA is still lacking. In addition, an inverted re-
peat exists with the potential to form a functional stem-
1 Present address: John Innes Centre, Norwich Research Park, Col-
loop and/or cruciform structure (Orozco and Hanley-ney Lane, Norwich NR4 7UH, UK.
Bowdoin, 1996). This structure includes a 9-nt sequence,2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (34 1) 3974799. E-mail: cgutierrez@mvax.cbm.uam.es. absolutely conserved in all geminiviruses sequenced so
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far, required for viral DNA replication. Recently, the initia- based plasmids of different sizes and bearing one or two
origins of DNA replication, with different structures.tion site for viral (/)-strand DNA replication has been
mapped to the penultimate nucleotide of the 9-nt se-
quence (Laufs et al., 1995a; Stanley, 1995). Analysis of MATERIALS AND METHODS
the initiation reaction has been carried out in vitro with
DNA manipulationspurified Rep proteins (Heyraud-Nitschke et al., 1995;
Laufs et al., 1995a, 1995b; Jupin et al., 1995). It has also Proteinase K, restriction endonucleases, and other en-
been shown that Rep has ATPase activity in vitro (Des- zymes for DNA manipulations were from Merck, Boeh-
biez et al., 1995) and that a functional NTP-binding motif ringer Mannheim, New England Biolabs, and Promega.
is required for Rep function in viral DNA replication (Des- Unlabeled deoxynucleotides were from Pharmacia. Stan-
biez et al., 1995; Hanson et al., 1995). dard DNA manipulation techniques were applied as de-
In addition to the viral proteins, viral DNA replication scribed in Sambrook et al. (1989).
is largely dependent on the activity of cellular replication
enzymes and regulatory proteins. Recently, it has been Plasmid constructions
shown that infection of terminally differentiated cells with
TGMV results in a significant accumulation of the host A schematic representation of the plasmids used in
this study indicating their main landmarks is presentedproliferating cell nuclear antigen (PCNA), a cellular pro-
tein which is normally present only in actively proliferat- in Fig. 1.
Plasmid pWDori (4.56 kbp) was created by digestinging cells (Nagar et al., 1995). A direct connection between
viral DNA replication and the host cell cycle control has pWDV4GUS (8.82 kbp; Collin et al., 1996) with NdeI and
self-ligating a 4.56-kbp fragment. The resulting plasmidbeen proposed based on the existence of a functional
retinoblastoma (Rb) protein-binding motif (LXCXE), re- contains a 1.65-kbp fragment of the WDV genome (Czech
isolate; Woolston et al., 1988) which includes the SIR,quired for efficient viral DNA replication, in the RepA
protein of WDV and other subgroup I geminiviruses (Xie the comlementary-sense ORFs, and a partial deletion of
the LIR, cloned into pBluescriptII (KS/) (see Sua´rez-Lo´pezet al., 1995). An interaction between human Rb and WDV
Rep has also been reported (Collin et al., 1996), although et al. (1995) for sequence details of the partially deleted
LIR present in this plasmid).the functional significance of this observation in viral
DNA replication still remains to be determined. Recently, Plasmid pWori (4.65 kbp) was obtained by replacing
the DLIR of pWDori with a wild-type LIR obtained fromwe have isolated a full-length maize cDNA clone encod-
ing a Rb protein (ZmRb1) which, when overexpressed in plasmid pWDVK10D (Woolston et al., 1989). This plasmid
(provided by P. M. Mullineaux, John Innes Centre, Nor-wheat cells, severely inhibits WDV DNA replication (Xie
et al., 1996), reinforcing the idea of a connection between wich, UK) was digested with TaqI and the mixture treated
with the Klenow fragment of DNA polymerase I. A 0.92-geminivirus DNA replication and a plant Rb pathway (Xie
et al., 1995; 1996). kbp fragment containing the LIR sequences was purified
and digested with NcoI. The resulting 0.42-kbp NcoI–Geminivirus DNA replication occurs exclusively via
double-stranded DNA (dsDNA) intermediates, likely us- TaqI fragment (TaqI end filled) was inserted into pWDori
previously digested with Asp718 (blunt ended) and NcoI.ing a rolling-circle strategy similar to that of some pro-
karyotic viruses and plasmids (reviewed in Lazarowitz, The Asp718 site was restored after ligation.
Plasmid pW6GUS (8.92 kbp) was constructed from1992; Laufs et al., 1995c). This fact has prompted an
increasing interest in their use as potential gene expres- plasmids pWDV4GUS and pWori. A 4.56-kbp NdeI frag-
ment (identical to pWDori) of pWDV4GUS was replacedsion vectors (Stanley, 1993). Although a correlation be-
tween reporter gene expression and plasmid DNA accu- with the entire plasmid pWori linearized with NdeI.
Plasmid pW5GUS (9.19 kbp) was generated by replac-mulation has been reported (Brough et al., 1992), a signif-
icant degree of variability in gene expression levels has ing the 1.66-kbp ClaI–Asp718 fragment (end filled) of
pWDV4GUS with the 2.04-kbp NotI–BamHI fragmentbeen found when a variety of vectors has been used in
different cell types (Ward et al., 1988; Hanley-Bowdoin et (end filled) of the same plasmid.
Plasmid pWDoriDRep (3.72 kbp) was constructed byal., 1988; Brough et al., 1992; Ugaki et al., 1991; Timmer-
mans et al., 1992). Several factors such as (i) vector se- self-ligating a 3.72-kbp NcoI–NdeI fragment (end filled)
of pWDV4GUS.quences, origin structure, or the presence of DNA se-
quences that modulate DNA replication efficiency, (ii) To generate plasmids pW4DGUS (6.59 kbp) and
pW6DGUS (6.69 kbp), the GUS coding sequence wasreplication interference among plasmids replicating in
the same cell, and/or (iii) a stringent size-dependent con- deleted from pWDV4GUS and pW6GUS, respectively.
Both plasmids were digested with BamHI and ClaI, thetrol of viral DNA replication have been proposed to ac-
count for such variability. In an effort to study factors protruding 5* ends were filled with Klenow, and the re-
sulting 6.59-kbp (from pWDV4GUS) and 6.69-kbp (fromwhich could affect the accumulation of WDV-based plas-
mid DNA, we have analyzed DNA replication of WDV- pW6GUS) fragments self-ligated.
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FIG. 1. Organization of plasmids used in this study. The main features of each plasmid as well as their sizes (in kbp) are shown.
Plant cell culture riers (Bio-Rad) which were left at room temperature until
the ethanol evaporated completely. Cells were bom-
The Triticum monococcum suspension culture was ob- barded using a helium-driven system (Bio-Rad PDS-
tained from P. Mullineaux (John Innes Institute, Norwich, 1000/He) under the following conditions: vacuum, (0.914
UK). Cultures were maintained at 267 with constant rotary 1 105 Pa); helium pressure, (7.581 106 Pa); gap distance,
shaking (120 rpm) in Murashige and Skoog medium 6 mm; macrocarrier travel distance, 16 mm; target dis-
(Murashige and Skoog, 1962), pH 5.8, supplemented with tance, 6 cm. After bombardment, cells were maintained
0.2% casein enzymatic hydrolysate, 3% sucrose, 0.02% at 267 and 23–24 hr later the filters supporting the cells
myo-inositol and 1 mg/l 2,4-dichlorophenoxyacetic acid were transferred to agar medium without mannitol and
(CHS medium). Cells were subcultured at a 1:2 or 1:3 incubated further at 267 for the indicated times.
dilution twice a week.
Analysis of WDV DNA replication products
DNA delivery to wheat cultured cells by particle
Cells were harvested from the filters with a spatula,bombardment
directly submerged into liquid nitrogen in a mortar, dis-
rupted, and the resulting powder was resuspended in 10Cells were pelleted by centrifugation at 1000 rpm for
3 min and the supernatant was removed. Approximately mM Tris–HCl, pH 7.5, 10 mM EDTA, 0.6% SDS, and the
low-molecular weight DNA was separated from the chro-0.20–0.25 ml of packed cells was spread with a spatula
onto a Whatman No. 1 filter paper, which was placed on mosomal DNA as described (Hirt, 1967). Proteins were
removed by digestion with 100 mg/ml proteinase K in theCHS medium supplemented with 0.25 M mannitol (Perl
et al., 1992) and solidified with 0.8% agar (bombardment presence of 0.5% SDS for 1 hr at 377 and extraction with
phenol–chloroform. Extrachromosomal DNA was precip-medium). DNA was adsorbed to 1-mm gold particles us-
ing a protocol similar to that described by Sanford et al. itated with ethanol, resuspended in TE (10 mM Tris–
HCl, 1 mM EDTA, pH 8.0), and treated with 20–50 mg/(1993). Briefly, 50 ml of gold particles (Bio-Rad) suspen-
sion (60 mg/ml in 50% glycerol) was mixed with 0.5 mg ml RNase A for 30 min at 377. After phenol–chloroform
extraction and ethanol precipitation, DNA was finally re-of DNA, 50 ml of 2.5 M Ca(NO3)2 , pH 10.0 (Perl et al.,
1992), and 20 ml of 0.1 M spermidine. The mixture was suspended in TE. Alternatively, total DNA isolation and
purification was carried out essentially as describedcontinuously vortexed for 5 min and pelleted for 10 sec
in a microfuge. The supernatant was removed and the (Soni and Murray, 1994). DNA was electrophoresed
through 0.7% agarose gels and transferred to nylon mem-pellet was washed in 250 ml of absolute ethanol by vor-
texing for a few seconds. The suspension was centri- branes (Biodyne A), as described in Sambrook et al.
(1989). The membranes were hybridized to probes la-fuged for 10 sec and the DNA-coated gold particles were
resuspended in 40 ml of absolute ethanol. This coating beled with digoxigenin-11–dUTP and developed using a
color reaction. Labeling, hybridization, and visualizationprocedure was carried out just prior to bombardment.
Finally, 4 ml of coated particles was applied to macrocar- were performed under the conditions recommended by
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the manufacturer (DIG DNA labeling and detection kit, and, therefore, is digested by DpnI and resistant to MboI.
On the other hand, the DNA which replicates in eukary-Boehringer Mannheim). The probes used in this study
were pWDV4GUS (Probe P), pBluescriptII (KS/) (Probe otic cells becomes DpnI-resistant and MboI-sensitive
due to the loss of the dam-methylation pattern. UnderV), pWori, and a BamHI–ClaI fragment from pWDV4GUS
containing the GUS coding sequence (Probe G). our conditions, three DNA bands corresponding to the
expected forms of the GUS-containing viral replicon were
detected (Figs. 2B and 2C, lanes 1–8). They can be con-Analysis of GUS expression
verted to a single band, corresponding to the linear form,
Transient GUS expression was detected on duplicate after treatment with BamHI (Fig. 2C, lanes 9–12). Repli-
plates as described (Sanford et al., 1993). con DNA is completely resistant to digestion with DpnI
(Figs. 2B and 2C, lanes 1–8) and fully sensitive to MboI
RESULTS digestion (Fig. 2C, lanes 13–16). WDV replicon-sized
dsDNA forms were first detected 24–30 hr after DNAThe main objectives of the present work were (i) to
delivery, accumulated at a very high rate (Fig. 2B),study whether reporter gene expression correlates with
reached a maximum 2–4 days after DNA delivery, andWDV DNA replication and (ii) to evaluate how origin
were still detected 8 days after bombardment (Fig. 2C).structure and replicon size affect viral DNA replication.
Therefore, we conclude that (i) most input DNA rapidlyToward this goal, we have analyzed both the fate of the
disappears soon after DNA delivery, (ii) the newly formedinput DNA as well as the time-course of WDV DNA repli-
WDV replicon is amplified efficiently in wheat cells, withcation after biolistic DNA delivery to cultured wheat cells
a progressive decrease in the relative amount of su-of different WDV-based vectors.
percoiled DNA and a concomitant increase in plasmid
forms migrating as open circular and nicked DNA, andReplication kinetics of WDV-based vectors in cultured
(iii) efficient transient GUS expression from the virion-wheat cells
sense promoter depends, apparently, on the amplifica-
tion of the WDV replicon rather than on the presence ofIt is known that after delivery of plasmids containing
tandem repeats of a geminivirus genome to an appro- input DNA, with the highest levels of expression coincid-
ing with the highest relative amount of newly formed,priate host cell, unit-length viral progeny is produced
either by a replicational release mechanism or, less effi- supercoiled viral DNA.
ciently, by intramolecular recombination (Stenger et al.,
1991; Elmer et al., 1988). To analyze the replication kinet- Preferential amplification of one of the two replicons
ics of WDV vectors and their relationship with reporter released from two-origin-containing vectors
gene expression, we have used pWDV4GUS (Fig. 1)
which contains a partial duplication of WDV sequences, Unit-length virion DNA is produced by a replicational
release mechanism after delivery of a plasmid with tan-including the putative stem-loop and the b-glucuronidase
(GUS) coding sequence (Jefferson et al., 1987), in place dem genome repeats of geminivirus DNA, e.g., beet curly
top virus (BCTV; Stenger et al., 1991). This process occursof the capsid protein (V2) ORF.
Plates containing wheat cells were harvested at differ- since the DNA sequences containing the site for initiation
of DNA replication also contain the signals required forent times after bombardment with pWDV4GUS and the
levels of GUS activity were determined. Immediately after the termination step, which involves the resolution of
replicative intermediates into genome-sized molecules.DNA delivery, no cells were GUS-positive. The number
of GUS-positive cell clusters increased to a maximum 2– Therefore, if DNA replication is directed by the two LIRs
present in the input plasmid pWDV4GUS, two different3 days after bombardment and finally declined over the
course of the experiment, to very low levels at 8 days WDV-based replicons could be produced and maintained
in wheat cells (Fig. 3A). One of the replicons bears apostbombardment (Fig. 2A).
The amount of remaining input plasmid as well as that wild-type LIR (wtLIR), whereas the other bears a LIR with
a deletion on its 3* side (DLIR, Sua´rez-Lo´pez et al., 1995).of the newly formed GUS-containing viral replicon was
followed at different times after bombardment using a To test this prediction, we have determined whether the
two possible WDV replicons expected to derive from theprobe which covers the entire GUS coding sequence.
Analysis by Southern hybridization of DNA extracted from input pWDV4GUS actually coexist in cultured wheat cells
and, if so, to what extent they accumulate.wheat cells at different times after biolistic delivery of
pWDV4GUS indicated that input DNA can be readily de- DNA samples were fractionated in agarose gels and
viral DNA was identified by blot hybridization using repli-tected immediately after DNA bombardment but was un-
detectable after a few hours (Fig. 2B). The DpnI/MboI con-specific probes (Figs. 3B and 3C). As indicated in Fig.
3B, each of the DNA probes G and V, specific for theassay (Peden et al., 1980) allows the distinction between
input and newly replicated DNA since input DNA, purified wtLIR- and the DLIR-containing replicons, WDV4-GUS and
WDV4-VEC, respectively, revealed the presence of threefrom dam/ bacteria, is methylated at the GATC sequence
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FIG. 2. Correlation between reporter gene expression from the virion-sense promoter and accumulation of viral DNA. (A) GUS expression in wheat
cultured cells at different times after biolistic delivery of pWDV4GUS plasmid DNA. GUS assays were carried out in situ as described (Sanford et
al., 1993). (B, C) WDV DNA replication in wheat cultured cells at different times after biolistic delivery of pWDV4GUS plasmid DNA. Total DNA was
extracted at the indicated times after bombardment, digested with the indicated restriction enzymes, fractionated through 0.7% agarose gels,
transferred to nylon membranes (Biodyne A), and the WDV DNA was identified by hybridization to a probe which covered the entire GUS coding
sequences. The position of the different dsDNA forms (sc, supercoiled; oc, open circular; l, linear) of both the input plasmid and the WDV replicon
are indicated. The kinetics of initial accumulation of the WDV4-GUS replicon (B) and the DpnI/MboI analysis of WDV4-GUS replicon DNA (C) are
shown.
DNA bands which correspond to the supercoiled (sc), shown in Fig. 3C, there was a significant difference in
the amount of the two replicons, which was apparentopen circular (oc), and linear (l) forms of the two expected
WDV-derived replicons, 4.27 and 4.56 kbp in size (see Fig. soon after newly replicated DNAs were detectable. This
indicated that the replicational release of the WDV4-VEC3A). This was confirmed by digestion of the DNA samples
with restriction enzymes which cut only once in each repli- replicon, dependent on the WDV DLIR, and/or its further
amplification, was less efficient than in the case of thecon (not shown). The DNA products are newly synthesized
since they were DpnI resistant and MboI sensitive (not WDV wtLIR, which gave rise to the WDV4-GUS replicon.
shown). Furthermore, when probe P, corresponding to the
entire pWDV4GUS plasmid DNA, was used, all DNA forms Replication of WDV vectors containing one or two
of the two replicons were revealed (Fig. 3B). It should be origins
mentioned that in these experiments, in agreement to
those shown previously, (i) input DNA was not detected The previous results can be explained as a conse-
quence of the different LIR structure of the two repliconsthroughout this time-course study (Figs. 3B and 3C), ex-
cept immediately after DNA delivery (not shown), and (ii) or the presence of different sequences (they contain V1
and GUS coding sequences in WDV4-GUS and pBlue-WDV DNA replicated more than one round since the DNA
products were fully sensitive to digestion with MboI (not script sequences in WDV4-VEC) or, alternatively, as a
consequence of their different sizes. To test the first pos-shown). Taken together, these results indicated that the
two expected WDV-derived replicons were produced and sibility, the plasmids shown in Fig. 4A were constructed
and the accumulation of newly replicated DNA in cul-replicated in wheat cells.
The second conclusion from this experiment was that tured wheat cells was analyzed after biolistic DNA deliv-
ery (Fig. 4B). In all three cases, the WDV4-GUS replicon,the two newly formed replicons accumulated to different
extents (Figs. 3B and 3C). The amount of the wtLIR-bear- which contained a wtLIR, was released and accumulated
to similar extents (Fig. 4B). After transfection withing replicon DNA (WDV4-GUS) was higher than that of
the DLIR-bearing replicon (WDV4-VEC). Therefore, we pW6GUS (Fig. 4A), again the WDV4-GUS replicon accu-
mulated to a greater extent than the second replicon,analyzed in more detail the kinetics of accumulation of
both replicons at early times (between Days 1 and 2). As W6-VEC, although both replicons contained a wtLIR (Fig.
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FIG. 3. Two replicons coexist after transfection of a plasmid containing two viral DNA replication origins. (A) Predicted WDV-derived replicons
generated from pWDV4GUS after DNA delivery to wheat culture cells. Scheme showing the formation of the two WDV-derived replicons, WDV4-
GUS (4.27 kbp) and WDV4-VEC (4.56 kbp), which can be produced from plasmid pWDV4GUS depending on which LIR sequence is used for
initiation. Replicons can be detected using either probe G, encompassing the GUS coding sequence, or probe V, encompassing the pBluescriptII
vector sequence, while probe P, consisting of the entire pWDV4GUS plasmid, will detect both replicons (see text for further details). (B, C) Detection
of WDV DNA replication by Southern blot analysis of DNA extracted from cultured wheat cells after biolistic delivery of pWDV4GUS DNA. Cells
were harvested at different times after DNA delivery (indicated at the top of the blots), and the DNA was extracted, digested with DpnI restriction
enzyme, and fractionated on a 0.7% agarose gel. WDV DNA was detected using digoxigenin-labeled WDV probes G and V (B) and P (B and C). The
different dsDNA forms (sc, supercoiled; oc, open circular; l, linear) of the wtLIR-containing (black) and the DLIR-containing (gray) WDV replicons
are shown.
4B). To test whether the presence of DNA sequences To test this hypothesis further, we analyzed the replica-
tion efficiency of plasmids of equal size but having differ-outside the LIR have an effect on DNA replication, we
transfected wheat cells with pW5GUS (Fig. 4A). Again, ent origin structures or, on the contrary, similar origin
structures but quite different sizes. Thus, we constructedthe W5-VEC replicon accumulated less efficiently than
the WDV4-GUS replicon (Fig. 4B). Since this defect does plasmids pWori (identical to the W6-VEC replicon, see
Fig. 4A) and pWDori (identical to the WDV4-VEC replicon,not seem to be related to the absence of WDV DNA
sequences in W5-VEC, our results suggest that, under see Fig. 4A), which differ by only 100 bp. These plas-
mids contain one WDV LIR and the complementary-the conditions used, the relative size of the replicon is
the major determinant of the accumulation efficiency. sense ORFs required for WDV DNA replication, as the
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than pWori, but both plasmids accumulated to similar
extents when cotransfected (Fig. 5). The possible rea-
sons for this behavior are discussed below.
The replication efficiency of single origin-containing
plasmids, differing in size, but with the same LIR struc-
ture, was analyzed. Plasmid pWDoriDRep contains the
DNA sequences required in cis for viral DNA replication
in plant cells (WDV LIR and SIR), but cannot produce a
functional Rep. Therefore, its replication depends on a
second plasmid, e.g., pWDV4GUS, which provides the
Rep protein in trans (see Fig. 6A). When pWDoriDRep
and pWDV4GUS were cotransfected into wheat cells,
pWDoriDRep (3.72 kbp) accumulated more efficiently
than the WDV4-VEC replicon derived from pWDV4GUS,
although both of them contain the same LIR structure
(Fig. 6A). These results were confirmed using plasmids
bearing only one WDV origin. Again, in this case, when
pWDoriDRep was cotransfected with pWDori, the
smaller plasmid replicated more efficiently than the
larger one, although both had an identical origin structure
(Fig. 6A).
Finally, we tested the ability of a replicon smaller than
the WDV genome to accumulate in wheat cells. To this
end, GUS sequences were deleted in pWDV4GUS and
pW6GUS to construct pW4DGUS and pW6DGUS, re-
FIG. 4. Effect of LIR structure and replicon size on the accumulation
efficiency of replicons derived from plasmids containing two origins of
DNA replication. (A) Schematic representation of the LIR structure of
the plasmids used in these experiments indicating the two replicons
released in each case (size in kbp). (B) Detection of newly replicated
plasmid DNA was carried out at the indicated times after DNA delivery
as described for Fig. 3, using probe P. The two lanes on the left contain
plasmids pWDV4GUS (M1) and pWDori (M2), 100 pg each, used as
markers. Bands corresponding to the supercoiled forms of the different
replicons produced are indicated.
only viral sequences, but pWori bears a complete LIR
while pWDori contains a DLIR that lacks sequences
downstream of position 60 (nucleotide 1 occurs immedi-
FIG. 5. Effect of LIR structure of plasmids with similar sizes and oneately downstream of the nicking site TAATATThA(1)C). This
replication origin on their accumulation efficiency. The two lanes ondeletion virtually abolished the intrinsic DNA bending
the left contain plasmids pWori (M1) and pWDori (M2), 100 pg each,mapped between the initiation site and the TATA box
used as markers. Wheat cells were transfected with either pWori or with
of the viral-sense promoter (Sua´rez-Lo´pez et al., 1995). pWDori or cotransfected with both plasmids, as indicated. Detection of
Analysis of plasmid replication in wheat cells revealed newly replicated DNA was carried out as described for Fig. 3, using
probe P.that pWDori, bearing the DLIR, replicated less efficiently
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FIG. 6. Effect of plasmid size on replication efficiency of plasmids with identical LIR structures. (A) Replication efficiency of plasmid pWDoriDRep,
in comparison to that of the two replicons derived from pWDV4GUS. Probe P (left panel) and pWori (right panel) were used. (B) Replication efficiency
of a replicon of less than genome size. Probe P, which detects all replicons produced, was used. In both cases, bands corresponding to the
supercoiled forms of the different replicons produced are indicated. The first lane contains 100 pg of pWDori, used as marker.
spectively. These new plasmids are expected to release 1996), in the absence of any detectable input DNA (S.
Collin, personal communication). This result is in contrasta very small replicon (WDVDCP, 2.04 kbp, with a wtLIR)
to previous transfection experiments of wheat cell proto-together with the WDV4-VEC (4.56 kbp, identical to
plasts with similar WDV constructs (Hofer et al., 1992),pWDori bearing the DLIR) or W6-VEC (4.65 kbp, identical
where a significant amount of reporter gene expressionto pWori, bearing the wtLIR), respectively. As shown in
was measured before newly synthesized viral DNA accu-Fig. 6B, the small wtLIR-containing replicon accumulated
mulated. Although it should be noted that different cellmuch more efficiently than the other wtLIR-containing
lines and transfection protocols were used, the reasonsreplicon (W6-VEC), which was barely detected (Fig. 6B).
for this discrepancy are not presently understood. UnderFurthermore, the W6-VEC replicon, with a wtLIR, accumu-
our conditions, the level of GUS expression correlatedlated slightly less efficiently than the WDV4-VEC replicon,
with the relative amount of supercoiled, newly replicatedbearing a DLIR. Altogether these results led us to con-
viral DNA, with a maximum at2–3 days after bombard-clude that (i) replication efficiency depends largely on
ment.plasmid size and (ii) a replicon significantly smaller than
The information available so far indicates that gemi-the WDV genome size can replicate efficiently.
niviruses from different subgroups seem to have different
restrictions imposed by plasmid size on replication effi-DISCUSSION
ciency. Thus, an increase in size due to the introduction
The goals of this work were (i) to analyze whether of a GUS-expression cassette led to a significant reduc-
reporter gene expression correlates with either input or tion of TGMV DNA replication in Petunia leaf discs (Han-
newly replicated WDV DNA and (ii) to evaluate the effect ley-Bowdoin et al., 1988). Similar observations have been
of both origin structure and plasmid size on the accumu- made in tobacco plants (Hayes et al., 1989). In the case of
lation of WDV-derived plasmids in cultured wheat cells. ACMV, the insert size that allows efficient viral replication
We have observed that, soon after transfection, input seems to be highly restricted (Stanley and Townsend,
DNA was undetectable, a result similar to that obtained 1986; Ward et al., 1988; Etessami et al., 1989), an effect
in maize plants after agroinoculation (Shen and Hohn, generally accepted to operate at the level of virus move-
1995). In other reports, a significant amount of input DNA ment. In fact, it has been reported that a deletion mutant
remained several days after transfection (Matzeit et al., of ACMV is able to replicate in Nicotiana tabaccum proto-
1991; Brough et al., 1992; Hofer et al., 1992). Reporter plasts, but it cannot spread in N. benthamiana plants,
gene expression has been detected 2 days after transfec- unless its size is restored to approximately that of the
wild-type genome (Etessami et al., 1989). It should betion of wheat cells with WDV constructs (Collin et al.,
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mentioned that subgenomic DNA molecules have been fore, these results demonstrate that, under these condi-
tions, elimination of sequences involved in DNA bendingreported to occur in plants infected with geminiviruses
belonging to subgroups I (WDV, Macdonald et al., 1988; downstream of the initiation site have a slight detrimental
effect on viral DNA accumulation. Thus, a reduction inKammann et al., 1991), II (BCTV, Frischmuth and Stanley,
1992; Stenger et al., 1992) and III (ACMV, Stanley and pWDori replication efficiency might indirectly lead to a
less efficient production of Rep, which may become lim-Townsend, 1985; TGMV, MacDowell et al., 1986). In addi-
tion, it has been shown that recombinant WDV versions iting. This, in turn, could have an effect on plasmid DNA
replication. However, these effects would not be appar-bearing inserts of different sizes can replicate in wheat
cells (Laufs et al., 1990; Matzeit et al., 1991; this study). ent when both plasmids are replicating within the same
cell because Rep can be used in trans and/or becauseA large increase in size could be detrimental for replicon
accumulation because it is probably disadvantageous. a larger number of replication rounds would be neces-
sary to amplify small differences in replication efficienc-This may be especially apparent when two replicons with
the same origin structure are competing within the same ies. Effects related to the presence of one or two origins
in the same plasmid that may result in origin interferencecell since the geminivirus replication mechanism is prob-
ably very demanding for cellular factors. Therefore, the cannot be ruled out. In fact, such differential origin usage
has been reported in different systems such as the 2-observation that large geminivirus replicons accumulate
very poorly in transfected plant cells is consistent with mm yeast plasmid (Brewer and Fangman, 1987), plasmid
pBR322 (Martı´n-Parras et al., 1992), bovine papilloma vi-the idea that the availability of cellular factors, e.g., a
single-stranded DNA binding protein (SSB) or other repli- rus (Schvartzman et al., 1990), and plasmids containing
two copies of the same yeast chromosomal origin ofcation factors, may be one of the rate-limiting steps dur-
ing geminivirus DNA replication. DNA replication (Brewer and Fangman, 1994).
Finally, it is worth noting that during the course of thisThe mechanism of replicational release of unit-length
replicons using plasmids containing head-to-tail copies study, we have never detected the presence of a DpnI-
resistant material corresponding to the input-sized plas-of the WDV genome, including two or three copies of a
LIR, has been previously analyzed (Heyraud et al., 1993). mid. This product could have appeared due to a termina-
tion failure, e.g., at the DLIR after initiation at the wtLIR.In these experiments, two WDV genomes were released
with the same efficiency from plasmids carrying three Therefore, this observation may be considered an indi-
rect suggestion that the DNA region deleted in the DLIRcopies of the LIR, but the third replicon which could be
potentially released was not detected (Heyraud et al., origin, which contains the DNA bending center (Sua´rez-
Lo´pez et al., 1995), does not contain signals required for1993). The lack of sufficient cellular proteins, e.g., a SSB,
may explain the failure to detect a significant accumula- the termination stage. The use of plasmids containing
one or two origins with different structure may be helpfultion of such large WDV replicons, a result particularly
evident when plasmids with two origins, able to release to determine the DNA sequence requirements during
geminivirus DNA replication, as has been the case withtwo replicons of very different sizes, are used (Heyraud
et al., 1993). Such effects of replicon size on DNA replica- other rolling-circle replicons, i. e., phage fX174 (Goetz
and Hurwitz, 1988) or plasmid pC194 (Gros et al., 1989).tion have been reported for geminivirus-derived replicons
differing several kbp in size (Brough et al., 1992; Ward
et al., 1988; Timmermans et al., 1992). ACKNOWLEDGMENTS
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